Abstract: An anomalously high chlorophyll-a (Chl-a) event (>2 mg/m 3 ) during June 2015 in the South Central Red Sea (17.5 • to 22 • N, 37 • to 42 • E) was observed using Moderate Resolution Imaging Spectroradiometer (MODIS) data from the Terra and Aqua satellite platforms. This differs from the low Chl-a values (<0.5 mg/m 3 ) usually encountered over the same region during summertime. To assess this anomaly and possible causes, we used a wide range of oceanographical and meteorological datasets, including Chl-a concentrations, sea surface temperature (SST), sea surface height (SSH), mixed layer depth (MLD), ocean current velocity and aerosol optical depth (AOD) obtained from different sensors and models. Findings confirmed this anomalous behavior in the spatial domain using Hovmöller data analysis techniques, while a time series analysis addressed monthly and daily variability. Our analysis suggests that a combination of factors controlling nutrient supply contributed to the anomalous phytoplankton growth. These factors include horizontal transfer of upwelling water through eddy circulation and possible mineral fertilization from atmospheric dust deposition. Coral reefs might have provided extra nutrient supply, yet this is out of the scope of our analysis. We thought that dust deposition from a coastal dust jet event in late June, coinciding with the phytoplankton blooms in the area under investigation, might have also contributed as shown by our AOD findings. However, a lag cross correlation showed a two-month lag between strong dust outbreak and the high Chl-a anomaly. The high Chl-a concentration at the edge of the eddy emphasizes the importance of horizontal advection in fertilizing oligotrophic (nutrient poor) Red Sea waters.
Introduction
The Red Sea is a narrow, meridionally-elongated, oceanic basin, surrounded by arid land and desert separating Northern Africa from the Arabian subcontinent [1] . The basin extends to about 30 • N in the Gulf of Suez and the Gulf of Aqaba (Eilat) and terminates to the south at the straits of Bab al Mandeb at approximately 12.5 • N. The length of the Red Sea is roughly 2250 km, with a maximum width of 355 km and a maximum depth of 3040 m; although the average depth is 490 m [2, 3] . The Red Sea has no river inflow or stream sources and has a high evaporation rate at more than 210 cm/yr [4] and a precipitation rate of less than 100 mm/yr [5, 6] , resulting in the highest salinity of any major tropical oceanic basin [4] . Salinity increases from 36.5% in the far southern region to 40-41% towards the northern part [7] . It is noteworthy that below the pycnocline (205-300 m), the entire Red Sea basin has water with extremely uniform temperature and salinity, with values of 21.6 and 40.6 practical salinity units (psu) ‰, respectively [8] [9] [10] .
The Red Sea has extremely high biodiversity, with more than 1400 species of fish and over 300 species of coral, many of them unique to the region [11, 12] . The area is economically important, with over 100,000 tons of fish reportedly caught each year, representing an annual value of over $200 million (US) [13] . The high temperature and salinity of the water also make the Red Sea an important natural laboratory for understanding the effects of climate change, especially on coral reefs [14, 15] . Interestingly, the entire Red Sea is considered to be oligotrophic, lacking in several important nutrients including nitrate, ammonium, phosphate, and silicate, and supporting levels of chlorophyll-a (Chl-a) less than 2.6 mg m −3 (or, equivalently, 2.6 µg L −1 ) [16] . However, recent studies using both satellite and in situ observations have challenged this simple notion by identifying regions with Chl-a concentrations and nutrient levels higher than traditional oligotrophic thresholds [17] [18] [19] [20] .
In this study, we consider a phytoplankton bloom that occurred in the South Central Red Sea (17. To better understand the conditions and possible causes of this unique event, we used a wide range of oceanographic and meteorological datasets, including Chl-a concentrations, sea surface temperature (SST), sea surface height (SSH), mixed layer depth (MLD), ocean current velocity, aerosol optical depth (AOD), and dust aerosol optical depth (DAOD), obtained from different sensors and models. The results show that this event is anomalous in multiple ways and suggests temporal relations between geophysical parameters that may be important for understanding the behavior of Chl-a events in the Red Sea.
Materials and Methods
In this study, we first partitioned the Red Sea into four different meridional domains at specific latitudinal boundaries based on the abundance and spatiotemporal distribution of surface Chl-a following the approach of Raitsos et al. [17] . The four regions, from north to south, are designated the Northern Red Sea (NRS), the North Central Red Sea (NCRS), the South Central Red Sea (SCRS), and the Southern Red Sea (SRS) ( Figure 1 , Table 1 ) [17] .
This subdivision is important because the northern Red Sea and southern Red Sea have different climatologies due to the influence of the Arabian Ocean monsoon [21] . The NRS does not exhibit a monsoon effect, with winds from the north-northwest the entire year [8, 21] . South of 20 • N, during the Northeast Monsoon (November-February), the winds blow from the south-southeast, and during the Southwest Monsoon (June-September), the winds blow from the northwest to north-northwest [21] . This change in the prevailing winds affects the occurrence of dust storms over the Red Sea, as well as SST and salinity, especially in the southern part of the basin [7, 9, 22] . 
Chlorophyll Data

Terra and Aqua MODIS Data
Chl-a concentrations derived from satellite ocean color retrieval algorithms are good indicators of phytoplankton biomass in the surface layer [17, 23] . Among the satellite sensors that routinely provide global Chl-a retrievals are the MODIS instruments onboard the National Aeronautics and Chl-a concentrations derived from satellite ocean color retrieval algorithms are good indicators of phytoplankton biomass in the surface layer [17, 23] . Among the satellite sensors that routinely provide global Chl-a retrievals are the MODIS instruments onboard the National Aeronautics and Space Administration (NASA) Terra and Aqua satellites. The Terra satellite, launched in 1999, is in a sun-synchronous orbit, with an equatorial crossing time of 10:30 LT. The Aqua satellite, launched in 2002, is also sun-synchronous, with an equatorial crossing time of 13:30 LT. Together, the two sensors provide nearly daily global coverage. In the past, the MODIS-Terra instrument had calibration issues that caused unacceptably large uncertainties in ocean color retrievals [24] . However, these have been addressed in the most recent reprocessing of the MODIS-Terra data through cross-calibration with the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) instrument [25] . Operational Chl-a retrievals from MODIS-Aqua were evaluated against in situ data for the northern part of the Red Sea and the results for this region were found to be comparable to the performance of the algorithm in other parts of the world [26] . MODIS-Terra and Aqua Chl-a retrievals have also been evaluated against retrievals from SeaWiFS in the Arabian Sea, where it was found that MODIS-Aqua underestimated the Chl-a in the open ocean by less than 20%, but MODIS-Terra underestimated the Chl-a by about 30% [27] . However, it is important to recognize that the mission objective for SeaWiFS was an error less than 35%, so the MODIS-Terra Chl-a results are acceptable [28] . We also include both MODIS-Terra and MODIS-Aqua Level-3 data in our analysis because using both sensors significantly improves the coverage from one sensor alone due to sun-glint avoidance and changes in cloudiness [29, 30] , and issues have been identified with the coverage of MODIS-Aqua alone, particularly in the southern Red Sea [31] . In this work MODIS-Terra and Aqua Level-3 Chl-a data version 2014 at 4-km resolution are used [32, 33] ( Table 2 ). The Terra data includes a monthly composite of Chl-a concentration in June 2015 for its anomalous behavior, a monthly climatology composite of Chl-a concentration of June during 2000 to 2016 for comparison and annual composite Chl-a concentration for comparison. The Aqua data include a 16-year averaged monthly composite of Chl-a concentration from 2002 to 2017, and a monthly composite of Chl-a concentration from 2012 to 2016 (Table 2 ).
The Ocean Color Climate Change Initiative (OC-CCI) Data
Due to the importance of phytoplankton in the Earth system, ocean color is recognized as an essential climate variable (ECV) [34] . Long-term monitoring of ocean color, and particularly Chl-a, requires a time series of quality-controlled data generated from multiple instruments and multiple algorithms. The Ocean Color Climate Change Initiative (OC-CCI) dataset has been produced by the European Space Agency (ESA) to address this need [34] . The dataset merges retrievals from SeaWiFS; MODIS-Aqua; the MEdium Resolution Imaging Spectrometer (MERIS), which flew on Envisat-1; and the Visible Infrared Imaging Radiometer Suite (VIIRS), which flies on the Suomi National Polar-orbiting Partnership (NPP) satellite [35] . Critical steps for achieving data consistency include band-shifting and empirical bias correction [34] [35] [36] . The OC-CCI dataset has been used by other researchers in the Red Sea and shows good consistency with in situ observations along with substantially improved coverage, particularly for the southern region [26, 30, 31] . In this work, we used daily and five-day composites of Level-3 OC-CCI Chl-a data at 4 km resolution from 25 to 29 June 2015 [37] (Table 2 ). It is noteworthy that the performance of two Chl-a algorithms (OCI and OC3) were evaluated against MODIS-Aqua and in situ chlorophyll data. The results showed that the performance of the algorithms in Red Sea was comparable with their performance in other oligotrophic regions in the global ocean, supporting the use of ocean color data in the Red Sea. Moreover, it was mentioned that the two empirical algorithms (OC4 and OCI) systematically overestimated chlorophyll when compared with the in situ data [26] . [46] ( Table 2 ). The HYCOM model uses the Navy Coupled Ocean Data Assimilation (NCODA) system [47] to incorporate information from satellite altimeters and SSTs, as well as data from ocean floats and buoys through the application of a three-dimensional variation (3DVAR) scheme [48] . Atmospheric aerosols-specifically mineral dust which contains iron (Fe), phosphorus (P), and other micronutrients-have been postulated to play an important role in the fertilization of the global oceans, especially in nutrient-limited areas such as oligotrophic seas [49, 50] . In order to assess the potential roles of aerosols and dust in the Red Sea, we acquired the Collection 6 MODIS 3 km AOD data [51] (Table 2) . For time series analysis of both AOD and DAOD in the region, we used the NASA Goddard Online Interactive Visualization ANd aNalysis Infrastructure (Giovanni) tool [52] to obtain the monthly mean Modern-Era Retrospective Analysis for Research and Applications Version 2 (MERRA-2) AOD and DAOD fields at 0.5 • × 0.625 • resolution. MERRA-2 assimilates AOD from the AVHRR instruments, the Multi-angle Imaging SpectroRadiometer (MISR) instrument on Terra, as well as MODIS-Terra and MODIS-Aqua, among other satellite and ground-based sensors [53] . Giovanni was also used to obtain the MODIS-Aqua Chl-a concentrations on a monthly basis at 4 km resolution for similar temporal analyses. 
Results and Discussion
Chl-a Climatology in the Read Sea and Anomaly Identification
In order to visualize the temporal and spatial variability of Chl-a in the Red Sea we constructed latitude-time Hovmöller plots [54] from both OC-CCI and MODIS-Aqua monthly datasets from January 2012 to December 2015. These are shown in Figure 2 for the four regions represented in Figure 1 and listed in Table 1 . Note these are similar to the latitude-time plots of Acker et al. [22] , but the axes have been switched. Due to the large north-south differences in the magnitude of Chl-a in the Red Sea, the OC-CCI data (left panels) have been plotted on a logarithmic scale using different ranges for each domain. The MODIS-Aqua data (right panel), on the other hand, are displayed using a linear scale that is constant for the four domains, which helps highlight the overall changes in the Chl-a concentrations. However, the scale difference did not affect the matching of blooms' occurrences in the same regions using both datasets. Note that, while the OC-CCI dataset includes MODIS-Aqua, due to differences from band shifting and empirical bias correction [34] [35] [36] , the specific values of Chl-a in the left and right sets of panels are not directly comparable, but it is only the relative temporal and spatial changes that are important. Figure 2 also demonstrates the coverage differences between the blended OC-CCI dataset and the MODIS-Aqua dataset alone. White regions with missing data are much more prevalent in MODIS-Aqua plots for the SRS and SCRS and have been discussed by previous authors [26, 30, 31] . It is noteworthy that an anomalous Chl-a outbreak was quite evident from both datasets in region 3 (SCRS) near 19.5 • N to 17.5 • N during the summer of 2015.
Both sets of panels in Figure 2 show the strong seasonal pattern in Chl-a in the Red Sea with increased concentrations in boreal winter (December-January) and decreased concentrations in boreal summer (June-August) [17, 22, 30, 31] . The anomalous feature of interest appears in the SCRS in the summer of 2015 as a band of enhanced Chl-a values (warm colors) that is easier to identify in the MODIS-Aqua data, but is also apparent in the OC-CCI dataset. While other researchers have identified peaks in Chl-a concentrations in May or June [17, 30, 31] , especially in the southern Red Sea, it is both the timing and magnitude of this anomaly that attracted our interest.
To better represent the magnitude and timing of the Chl-a anomaly, we next constructed monthly time series of the average Chl-a concentration in the four regions of the Red Sea using the MODIS-Aqua data, as shown in Figure 3a . The stacked bars clearly show the relative contribution of each of the regions to the overall Chl-a concentration in the basin, with the SRS being the largest contributor, and the SCRS being the second largest [17, 22, 30, 31] . The >3 mg m −3 -high Chl-a anomaly in June 2015 stands out clearly with the overall Chl-a load reported for the entire Red Sea being even greater than what is observed in the winter months. The SCRS is by far the largest contributor to the Chl-a amount for the June 2015 event.
Even finer temporal resolution is displayed in Figure 3b , which plots the daily Chl-a concentration from the OC-CCI dataset averaged just over the SCRS for 1 June to 7 July for the years 2012 to 2016. Even finer temporal resolution is displayed in Figure 3b , which plots the daily Chl-a concentration from the OC-CCI dataset averaged just over the SCRS for 1 June to 7 July for the years 2012 to 2016. Since the OC-CCI dataset has been demonstrated to have good consistency with in situ observations in the Red Sea [26, 30, 31] , we have more confidence in the numeric values of the Chl-a concentrations. The reported Chl-a concentration on 29 June exceeds 1 mg m −3 , compared to the regional mean for this time period, which hovers around 0.3 mg m −3 [16] . [17, 22, 31] , and the existence of large, persistent eddies was identified in hydrographic surveys of the region as far back as 1993 [55] . The dominance of the Chl-a features from 26 June to 29 June is clearly shown in Figure 4b , which displays the mean Chl-a concentrations for the Red Sea from the OC-CCI dataset for the entire month of June 2015. Consistent with the results in Figure 3b , the anomalies from the end of the month are superimposed on a background of lower values. The change in the Chl-a values due to averaging over a longer time period is not readily apparent in the selected color scale, which was chosen to be consistent throughout the figure. Figure 4c shows the mean Chl-a values for June 2015 from MODISTerra. Recall that MODIS-Terra is not included in the OC-CCI dataset [35] , but the Chl-a values show good consistency with MODIS-Aqua Chl-a [25, 26] , although there might be some bias in the Red Sea [27] . The agreement between the OC-CCI monthly mean Chl-a values (Figure 4b ) and the MODIS- [17, 22, 31] , and the existence of large, persistent eddies was identified in hydrographic surveys of the region as far back as 1993 [55] . The dominance of the Chl-a features from 26 June to 29 June is clearly shown in Figure 4b , which displays the mean Chl-a concentrations for the Red Sea from the OC-CCI dataset for the entire month of June 2015. Consistent with the results in Figure 3b , the anomalies from the end of the month are superimposed on a background of lower values. The change in the Chl-a values due to averaging over a longer time period is not readily apparent in the selected color scale, which was chosen to be consistent throughout the figure. Figure 4c shows the mean Chl-a values for June 2015 from MODIS-Terra. Recall that MODIS-Terra is not included in the OC-CCI dataset [35] , but the Chl-a values show good consistency with MODIS-Aqua Chl-a [25, 26] , although there might be some bias in the Red Sea [27] . The agreement between the OC-CCI monthly mean Chl-a values (Figure 4b ) and the MODIS-Terra Chl-a values (Figure 4c ) is acceptable, with the MODIS-Terra data showing regionally higher values of Chl-a and a greater frequency of missing data, indicated by the white regions [26, 30, 31] . The inclusion of the MODIS-Terra Chl-a data is motived by a desire to extend the Chl-a time series back as far as possible. The SeaWiFS instrument [23] ceased operation in December 2010 and so cannot be used for this purpose. The MODIS-Aqua time series begins in 2002, but the MODIS-Terra dataset extends back to 2000, so we use MODIS-Terra to construct the Chl-a climatology for June using data from 2000 to 2015 as shown in Figure 4d . The spottiness of the satellite retrievals, especially in the SRS is evident in this figure. However, it is also apparent that the features observed in June 2015 are not expected climatologically. Finally, Figure 4e displays the annual mean Chl-a concentrations from MODIS-Terra for 2015 as a basis for comparison. The overall distribution of Chl-a from MODIS-Terra closely resembles the yearly climatology derived from both SeaWiFS [22] and MODIS-Aqua (Figure 1 ) [17] . The annual observations clearly show the lack of persistence of blooms in this region, which confirms our assumption of this being an anomaly and, hence, worthy of further investigation. The overall distribution of Chl-a from MODIS-Terra closely resembles the yearly climatology derived from both SeaWiFS [22] and MODIS-Aqua ( Figure  1 ) [17] . The annual observations clearly show the lack of persistence of blooms in this region, which confirms our assumption of this being an anomaly and, hence, worthy of further investigation. 
Temporal and Spatial Variations of Chl-a Concentration-Related Factors
In order to understand the physical processes and the factors influencing phytoplankton growth related to the significant Chl-a anomaly observed in the SCRS in late June 2015, we consider a wide range of oceanographic and meteorological data as summarized in Section 2. 
In order to understand the physical processes and the factors influencing phytoplankton growth related to the significant Chl-a anomaly observed in the SCRS in late June 2015, we consider a wide range of oceanographic and meteorological data as summarized in Section 2. For the whole region, we deduced an increasing SST trend with clear declining MLD and SSH trends from 21 June to 25 June (blue and red arrows in Figure 5 b-d) . This general behavior become more stable during the latter days, 26-30 June, possibly indicating the beginning of a new increasing cycle. Starting with the Chl-a figures in the left-most panel (Figure 5a) , the anomaly appears most clearly on 24 and 29 June, with some evidence of enhancement on the later date, consistent with the results shown in Figure 3b . However, the temporal development of the Chl-a anomaly is difficult to make out due to the large fraction of missing data, indicated by the white areas. Inspection of the MODIS-Terra and Aqua true color imagery and AOD retrievals for this time period show elevated AOD due to blowing dust, which is persistent in this season [56, 57] , as well as high clouds and AOD and Chl-a retrieval exclusions due to sun-glint. The eddy appears in the northwestern part of the SCRS on 22 June, as evidenced by a ring of elevated Chl-a. The Chl-a signal in this ring intensifies later in the period (27-29 June), contributing to the overall anomaly seen in the Chl-a data. There is also some evidence of another, smaller eddy centered around 18 • N, 40 • E in the observations from 29 June.
In Figure 5b , the MLD indicates the vertical region within the ocean that has relatively uniform properties due to the effects of surface wave-generated turbulence. The MLD is particularly important to phytoplankton in the Red Sea because deepening the mixed layer can make nutrients from lower level waters available for use [19] . A number of studies in the Red Sea have shown that phytoplankton concentrations in the Red Sea typically reach a maximum around a depth of 80 m, rather than at the surface, due to the oligotrophic nature of the surface water [16] [17] [18] [19] . In Figure 5 , the deepest MLD appears along an axis slightly to the east of the central part of the Red Sea. The maximum MLD, around 40 m according to the HYCOM model appears on 22 June, with the values getting shallower on succeeding days. There is also evidence of multiple eddies, especially along the western part of the basin. Such eddies are common in the area [3] , and have been implicated in increases in phytoplankton by a number of authors [2, [16] [17] [18] [19] [20] 22] .
Satellite altimeters are capable of measuring SSH with a vertical precision of a few centimeters [58] . The HYCOM model assimilates this information to provide continuous spatial fields of SSH, which has been used to identify eddy circulations in the Red Sea [59, 60] . Cyclonic eddies (rotating counterclockwise in the northern hemisphere) are associated with anomalously low SSH, while anti-cyclonic eddies (rotating clockwise in the northern hemisphere) are associated with anomalously high SSH [59, 60] . Figure 5c shows the largest SSH along the eastern part of the Red Sea. The SSH in this region slowly decreases from 23 to 26 June, and then show a slight increase toward the end of the period. Since SSH is unlikely to reflect changes in currents in this region, especially the intrusion of intermediate waters from the Gulf of Aden (GAIW) to the south [61, 62] , the signal in this part of the map likely reflects day-to-day changes in the SST. A triplet of local SSH anomalies in the eastern part of the basin likely indicate the presence of large-scale eddies. A diffuse region of locally higher SSH is generally coincident with the ring of enhanced Chl-a, which is especially apparent on 27 June centered around 20.5 • N, 38.5 • E. This suggests that the enhanced Chl-a is associated with the border of an anticyclonic eddy. Two additional regions of locally lower SSH are also apparent throughout the time period to the southeast of the larger area of higher SSH. On 22 June these are centered around 19 • N, 39 • E and 18 • N, 39.75 • E. The reduction in the SSH indicates these are cyclonic eddies.
The SST field (Figure 5d ), shows less spatial structure than the other geophysical variables. On a large scale, the obvious features are higher SSTs in the southeastern part of the Red Sea and lower SSTs in the northwestern part. In the northwest, in particular, cooler SSTs are gradually replaced by somewhat warmer SSTs through the time period. The main feature in this part of the basin is a large area of cooler SSTs surrounded by a ring of slightly higher SSTs. On 22 June, the core of this feature is near 20 • N, 38 • E. This feature is likely associated with the region of enhanced SSH mentioned above in connection with the ring of enhanced Chl-a attributed to an anticyclonic eddy. Anticyclonic mesoscale features in the ocean, normally creating surface convergence that pushes water down, are expected to be associated with fewer nutrients in the mixed layer and enhanced SSTs-and are thus commonly known as warm-core eddies. The SST data in Figure 5d indicate this anticyclonic feature is associated with locally cooler SSTs, even though the SSH is elevated. This is a second anomaly associated with the anomalous Chl-a event in June 2015.
The anticyclonic nature of the large eddy near 20 • N, 38 • E on 22 June is confirmed by the clockwise rotation of the composite surface current vectors from OSCAR shown in Figure 6 . This figure shows two eddies that are persistent features throughout the time period. However, it is likely that the 0.33 • resolution of the OSCAR data is insufficient to resolve the pair of cyclonic eddies apparent in the higher resolution SSH data. The formation of an eddy dipole in the western Red Sea near 19 • N with a cyclonic eddy to the north and an anticyclonic eddy to the south has been attributed to the influence of a wind jet associated with the Tokar Gap [59] , which is active throughout the boreal summer [3, [63] [64] [65] and a large source of atmospheric dust [66] . is associated with locally cooler SSTs, even though the SSH is elevated. This is a second anomaly associated with the anomalous Chl-a event in June 2015.
The anticyclonic nature of the large eddy near 20°N, 38°E on 22 June is confirmed by the clockwise rotation of the composite surface current vectors from OSCAR shown in Figure 6 . This figure shows two eddies that are persistent features throughout the time period. However, it is likely that the 0.33° resolution of the OSCAR data is insufficient to resolve the pair of cyclonic eddies apparent in the higher resolution SSH data. The formation of an eddy dipole in the western Red Sea near 19°N with a cyclonic eddy to the north and an anticyclonic eddy to the south has been attributed to the influence of a wind jet associated with the Tokar Gap [59] , which is active throughout the boreal summer [3, [63] [64] [65] and a large source of atmospheric dust [66] . Figure 7 shows clearly the Tokar Gap wind jet was active during this time period. The MODISTerra true color image from 23 June shows a pronounced dust plume emanating from the vicinity of Tokar and extending out over the Red Sea. This is facilitated by strong winds blowing from west to east caused by large land/ocean temperature gradients that occur in this area predominantly in July [63] [64] [65] . The ASCAT surface wind stress field from 24 June indicates that the winds that produced the dust uplift were likely also affecting the sea surface during this time. While the Tokar Gap wind jet was clearly active, at least during a portion of the time period of interest, comparison of the ASCAT surface wind stress field in Figure 7 and the surface current vectors in Figure 6 shows that the winds were acting in opposition to the movement of the surface water. This decoupling of the surface wind stress and the surface currents has been noted previously by Churchill et al. [67] , who implicated the effects of diurnal surface heating, which would be particularly pronounced in June in the SCRS.
It is remarkable that the region centered around 21.5°N, 37.5°E exhibits low Chl-a, low SST and high SSH simultaneously during the period of study since this is in opposition to the circulation as manifested by the sea surface currents (Figures 5 and 6 ). Our results show clearly that this anticyclonic eddy influences the biological production in the Red Sea more than the meridional circulation, in agreement with [16, [18] [19] [20] . The MODIS-Terra true color image from 23 June shows a pronounced dust plume emanating from the vicinity of Tokar and extending out over the Red Sea. This is facilitated by strong winds blowing from west to east caused by large land/ocean temperature gradients that occur in this area predominantly in July [63] [64] [65] . The ASCAT surface wind stress field from 24 June indicates that the winds that produced the dust uplift were likely also affecting the sea surface during this time. While the Tokar Gap wind jet was clearly active, at least during a portion of the time period of interest, comparison of the ASCAT surface wind stress field in Figure 7 and the surface current vectors in Figure 6 shows that the winds were acting in opposition to the movement of the surface water. This decoupling of the surface wind stress and the surface currents has been noted previously by Churchill et al. [67] , who implicated the effects of diurnal surface heating, which would be particularly pronounced in June in the SCRS.
It is remarkable that the region centered around 21.5 • N, 37.5 • E exhibits low Chl-a, low SST and high SSH simultaneously during the period of study since this is in opposition to the circulation as manifested by the sea surface currents (Figures 5 and 6 ). Our results show clearly that this anticyclonic eddy influences the biological production in the Red Sea more than the meridional circulation, in agreement with [16, [18] [19] [20] . 
Other Factors Contributing to the Chl-a Concentration Variability in the South Central Red Sea
The previous section describes a number of geophysical features directly associated with the Chl-a anomaly observed at the end of June 2015 in the SCRS. To explore the physical causes for this event, we constructed a monthly time series of Chl-a from MODIS-Aqua for the SCRS for the period from July 2002 to April 2017 using the NASA Giovanni tool [52] . We also extracted monthly time series of MODIS-Terra and Aqua AOD [51] , AOD and DAOD from the MERRA-2 reanalysis [53] , and the MODIS-Aqua SSTs for the same region and time period. After this, the data were deseasonalized and the monthly anomalies were calculated by subtracting the appropriate monthly mean values from each month. Calculation of the seasonal mean and seasonal variance for July showed that the June 2015 event was 3.5 standard deviations above the monthly mean for June calculated from the full Chl-a dataset (including the anomaly itself). Relative to the overall variance of the entire Chl-a dataset for all months, the June 2015 was 11.9 standard deviations above the monthly mean. The MODIS-Aqua mean value for June for the entire time period was 0.4 mg m −3 , compared to 2.7 mg m −3 for June 2015. Figure 8 shows a portion of this time series for the Chl-a and SST from MODIS-Aqua and the DAOD from MERRA-2. In order to put the results on the same scale, the anomaly values have been scaled to their maximum value (i.e., the maximum anomaly will have a value of 1.0). The red box shows the time period from April to June 2015 when both the DAOD and Chl-a had their largest anomalies for the entire data record from July 2002 to April 2017. Note that the SST has a very large negative anomaly in April 2015 as well, although this is not the largest anomaly in the dataset.
Other authors have investigated the (instantaneous) monthly correlation between various geophysical variables and Chl-a in the Red Sea [31, 68] . However, Figure 8 is suggestive of a strong lag correlation of two months between DAOD anomalies and Chl-a anomalies and SST anomalies and Chl-a anomalies for the SCRS. This lag correlation is explored further in Figure 9 . Here we calculated the correlation for the entire dataset for lags of zero to six months. Although we considered other variables, the only significant relationships were found for DAOD and Chl-a and SST and Chl-a. Significance was determined by considering the standard error of a pure white noise process, which goes as 1/√N, where N is the number of samples [69] . Monthly DAOD and SST anomalies are essentially uncorrelated with Chl-a anomalies with a lag of zero, with values of +0.02 and −0.04, respectively. At two months lag, however, both DAOD and SST anomalies have statistically significant correlations with the Chl-a anomalies with correlation coefficients exceeding three times the expected error for a white noise process. These relationships essentially vanish for longer lags. 
Other authors have investigated the (instantaneous) monthly correlation between various geophysical variables and Chl-a in the Red Sea [31, 68] . However, Figure 8 is suggestive of a strong lag correlation of two months between DAOD anomalies and Chl-a anomalies and SST anomalies and Chl-a anomalies for the SCRS. This lag correlation is explored further in Figure 9 . Here we calculated the correlation for the entire dataset for lags of zero to six months. Although we considered other variables, the only significant relationships were found for DAOD and Chl-a and SST and Chl-a. Significance was determined by considering the standard error of a pure white noise process, which goes as 1/ √ N, where N is the number of samples [69] . Monthly DAOD and SST anomalies are essentially uncorrelated with Chl-a anomalies with a lag of zero, with values of +0.02 and −0.04, respectively. At two months lag, however, both DAOD and SST anomalies have statistically significant correlations with the Chl-a anomalies with correlation coefficients exceeding three times the expected error for a white noise process. These relationships essentially vanish for longer lags. Note that Figure 9 shows statistical relationships constructed from nearly 15 years of MODISAqua data, so the two month lag apparent in Figure 8 is simply one example of the persistent relationship between DAOD and Chl-a and SST and Chl-a. Furthermore, because these relationships are statistical in nature, it is not possible to attribute cause and effect, only that the anomalies in DAOD and SST lead the anomalies in Chl-a by two months. The fact that DAOD and SST show opposite relationships with the same lag suggests that a third geophysical variable, such as wind speed, might actually be the controlling factor. Dreano et al. [31] , for example, found strong (instantaneous) monthly correlations between Chl-a and wind and SST and wind. This is area ripe for further investigation. Note that Figure 9 shows statistical relationships constructed from nearly 15 years of MODISAqua data, so the two month lag apparent in Figure 8 is simply one example of the persistent relationship between DAOD and Chl-a and SST and Chl-a. Furthermore, because these relationships are statistical in nature, it is not possible to attribute cause and effect, only that the anomalies in DAOD and SST lead the anomalies in Chl-a by two months. The fact that DAOD and SST show opposite relationships with the same lag suggests that a third geophysical variable, such as wind speed, might actually be the controlling factor. Dreano et al. [31] , for example, found strong (instantaneous) monthly correlations between Chl-a and wind and SST and wind. This is area ripe for further investigation. Note that Figure 9 shows statistical relationships constructed from nearly 15 years of MODIS-Aqua data, so the two month lag apparent in Figure 8 is simply one example of the persistent relationship between DAOD and Chl-a and SST and Chl-a. Furthermore, because these relationships are statistical in nature, it is not possible to attribute cause and effect, only that the anomalies in DAOD and SST lead the anomalies in Chl-a by two months. The fact that DAOD and SST show opposite relationships with the same lag suggests that a third geophysical variable, such as wind speed, might actually be the controlling factor. Dreano et al. [31] , for example, found strong (instantaneous) monthly correlations between Chl-a and wind and SST and wind. This is area ripe for further investigation.
Discussion
Seasonal winds and the thermohaline circulation are the most significant factors governing the circulation in the Red Sea circulation [70] [71] [72] . For the southern part of the Red Sea, exchange of water with the Gulf of Aden (GA) to the southeast is particularly important [2, 18, 73] . The structure of this circulation pattern is depicted in Figure 10 [2] . During boreal winter, southeasterly winds force the surface water to flow northward from the GA into the Red Sea, meanwhile, the deep layer of the Red Sea outflow water (RSOW) flows outward to the GA (Figure 10, top) . During the summer, the winds shift and the surface layer flows outward into the GA. Meanwhile, the nutrient rich layer of Gulf of Aden intermediate water (GAIW) flows into the Red Sea and goes northwards to replace the outflow surface water (Figure 10, bottom) . Churchill et al. [73] hypothesized that it is the nutrient-laden GAIW through its interaction with eddy circulations is the source for nutrients for the coral reefs and phytoplankton in the southern Red Sea in the summer. 
Seasonal winds and the thermohaline circulation are the most significant factors governing the circulation in the Red Sea circulation [70] [71] [72] . For the southern part of the Red Sea, exchange of water with the Gulf of Aden (GA) to the southeast is particularly important [2, 18, 73] . The structure of this circulation pattern is depicted in Figure 10 [2] . During boreal winter, southeasterly winds force the surface water to flow northward from the GA into the Red Sea, meanwhile, the deep layer of the Red Sea outflow water (RSOW) flows outward to the GA (Figure 10, top) . During the summer, the winds shift and the surface layer flows outward into the GA. Meanwhile, the nutrient rich layer of Gulf of Aden intermediate water (GAIW) flows into the Red Sea and goes northwards to replace the outflow surface water (Figure 10, bottom) . Churchill et al. [73] hypothesized that it is the nutrient-laden GAIW through its interaction with eddy circulations is the source for nutrients for the coral reefs and phytoplankton in the southern Red Sea in the summer. The Chl-a anomaly of late June 2015, the largest observed in the SCRS in the MODIS-Aqua dataset, was related to eddy circulation patterns evident in the MLD, SSH, and SST fields from various observations and models. The largest regions of Chl-a anomaly are clearly associated with cyclonic eddies located around 19°N, 39°E. Such eddies cause upwelling-a process known as eddy pumping [74] -which brings up nutrients from lower in the water column, likely associated with the The Chl-a anomaly of late June 2015, the largest observed in the SCRS in the MODIS-Aqua dataset, was related to eddy circulation patterns evident in the MLD, SSH, and SST fields from various observations and models. The largest regions of Chl-a anomaly are clearly associated with cyclonic eddies located around 19 • N, 39 • E. Such eddies cause upwelling-a process known as eddy pumping [74] -which brings up nutrients from lower in the water column, likely associated with the GAIW. However, other processes are likely at work causing the Chl-a anomalies in this region, as evidenced by the behavior of the anomalous "cold-core" anticyclonic eddy. Interestingly, this eddy interacts with the Chl-a anomalies in a way that is consistent with a normal, "warm-core" anticylconic eddy, having a ring of enhanced Chl-a around its center. This ring is likely associated with counterrotation outside the main eddy or other mesoscale effects not resolved in our datasets [75] [76] [77] .
A persistent anticyclonic eddy has been observed in this region in previous studies [17, 22] . However, the existence of the Tokar Gap wind jet observed in the MODIS imagery suggests that a simple model for the generation of an eddy dipole caused by surface wind stress [59] may not be appropriate in this situation. More complex models have been able to simulate long-lived anticyclonic eddies in other seasons [78] , but the question of why this particular eddy appears to have a cold core in the SST data remains an area for future investigation.
Also suggestive is the evidence for a two-month lag in the correlation between DAOD and SST anomalies and Chl-a anomalies. Time lags of one to three months have been observed between dust events and phytoplankton blooms in the Arabian Sea [79] and the Indian Ocean [80] . The question of the residence time of dust and the release of bioavailable Fe in the oceanic mixed layer is an important research question [49, 50] , and these results may provide an important clue for oligotrophic waters like the Red Sea.
In this regard, we here acknowledge the limitations of our study and the need for more investigation into other possible anomalies in other time periods. Also, the nutritious nature of dust events needs to be investigated more thoroughly to quantitatively assess contribution of dust deposition to ocean primary production.
Conclusions
Under normal conditions, the Red Sea basin experiences an increased phytoplankton blooms during boreal winter (from December to January), and a decline in the frequency of blooms during summer (from June to August). However, we identified an anomalous Chl-a event in late June 2015 whose mechanisms have been investigated through a combination of a suite of remote sensing and modeling datasets. Factors contributing to this event include upwelling processes driving the convective vertical nutrient transfer as well as eddy circulation driving the horizontal advection of nutrients. The anticyclonic eddy centered around 20 • N completely blocked the forward flow of colder, nutrient-rich water from the Gulf of Aden in the south, leading to low Chl-a concentration north of the eddy. The results demonstrate that physical processes, particularly eddies, through their interaction with the nutrient rich Gulf of Aden intermediate water, control the spatial distribution of patterns of biological production within the South Central Red Sea. We believe that wet deposited aerosols with possible bioavailable nutrients (Fe in particular), spreading on the Red Sea surface, could potentially enhance the process of phytoplankton growth and productivity, but with a lag time on the order of two months, although other geophysical processes might be more fundamental, such as changes in the winds. We will investigate these findings further using data from sample collections in the Red Sea that we are in the process of acquiring.
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